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ABSTRACT: As the offshore wind power tends to locate farther from the coast for efficient generation of electricity, 
the interest of foundation systems of which construction sequence is economical and convenient under deep water 
circumstance is increasing. Mooring anchor system has been utilized as one of the most popular ways for anchoring of 
vessels or floating structures, and various types of anchor and mooring system have been investigated for large 
structures under diverse loading condition. In this paper, the pullout behavior of the modified embedded suction anchor 
(ESA) is studied using numerical analysis. The behavior of the embedded suction anchor is simulated using finite 
element method, and Adaptive Meshing (AM) technique approach incorporated in Abaqus/Explicit is applied to 
simulate the large deformation of soil caused by continuous pullout of anchor. The three dimensional modeling is 
performed to duplicate the round body shape with flanges of the embedded suction anchor. The anchor is assumed as 
rigid body and clay is considered as a linear elastic-perfectly plastic soil model with a Tresca yield criterion. The 
pullout capacities after different initial rotations show similar results with the maximum horizontal pullout capacity and 
the load inclination of 30º or 40º at the bottom point of the ESA has an advantage in that reduced pullout load can rotate 
the ESA. 
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INTRODUCTION 
After the permanent underwater foundation system 
utilizing suction anchor piles was introduced in the 
offshore industry in 1982 (Bang et al. 2000), various 
types of foundation systems using suction mechanism 
have been developed. As one of the most popular 
foundation systems in the offshore environment, 
mooring-anchor system has employed the suction 
mechanism in construction of anchor body, and it has 
expanded its applicability as an offshore wind power 
foundation system under deep water as well as anchoring 
system for other types of offshore structures or vessels. 
Suction embedded plate anchor (SEA or SELPA), 
vertically driven plate anchor (VDPA or DPA), and 
vertically loaded plate anchor (VLA or VELPA) are such 
systems which have a plate anchor that is penetrated in a 
vertical direction using a suction caisson or mandrel 
(Ehlers et al. 2004, Song et al. 2008). The caisson or pile 
is retrieved remaining the plate anchor embedded under 
the desired depth, and the anchor conducts its 
performances after rotation process, which is known as 
keying. These foundation systems are widely applied to 
floating facilities or platforms in deep water as a type of 
mooring-anchor system, catenary or taut-mooring, due to 
their advantages: lower cost, accurate positioning, and 
short installation time in comparison with conventional 
offshore anchors (Wang et al. 2010). 
 
Fig. 1 Installation (①, ②) and mobilization (③, ④) 
sequence of the ESA with suction pile 
 
The embedded suction anchor (ESA) is also a similar 
type of the foundation systems except that it has a 
different shape of anchor body. With the same cross 
section of the suction pile, the ESA has three or four 
vertical flanges along the circumference. During the 
installation, the ESA is penetrated into the seafloor being 
connected at the lower tip of the suction pile. Fig. 1 
describes the installation procedure of the ESA (no 
flanges) using suction pile. As can be seen, the ESA 
mobilizes its capacity after keying process in which the 
ESA undergoes the translational and rotational 
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movements. In this circumstance, the pullout capacity of 
the ESA is influenced by the location of loading point 
and the inclination angle of the loading which are the 
main focus of the previous studies (Bang et al. 2006, 
Bang et al. 2007, Jones et al. 2007, Kim et al. 2005a, 
Kim et al. 2005b, Kim et al. 2006, Lee et al. 2003).  
In this paper, numerical simulation of the modified 
ESA is performed of which additional system arranges 
initial desired rotation angle before the pullout capacity 
is fully developed. Fig. 2 describes the concept of the 
modified ESA system and the existing ESA. To evaluate 
the pullout behavior of the modified ESA, the effect of 
initial rotation (α) of the anchor body on pullout capacity 
is investigated, where the pullout load is applied at mid-
point of the anchor body with perpendicular direction 
after the anchor body is rotated. Furthermore, to 
effectively rotate the ESA in the initial loading step, the 
influence of the pullout inclination angle (β) on pullout 
behavior of the modified ESA is analyzed when the 
bottom point of the anchor body is pulled out. In 
numerical analysis, adaptive meshing (AM) technique 
incorporated in Abaqus/ Explicit is utilized to effectively 
model the pullout behavior of the ESA. 
 
Fig. 2 Concepts of the existing ESA (a, b) and modified 
ESA (c, d), and definition of the rotation angle and 
inclination angle used in this study 
 
NUMERICAL MODELING 
 
ALE Adaptive Meshing (AM) technique 
In numerical simulation for offshore structures such 
as pullout of anchors or penetration of spudcans, large 
deformation of soil which can cause mesh distortion 
errors is one of the main problems to perform continuous 
numerical  computation.  In  an  effort  to  overcome  the  
 
distortion problems, a more flexible approach called 
Arbitrary Lagrangian-Eulerian (ALE) method has been 
developed, and the problems of element distortion could 
be avoided by uncoupling of nodal point displacements 
and material displacements (Hu and Randolph 1998). As 
can be identified from the terminology, Arbitrary 
Lagrangian-Eulerian, stress and material property flow 
through the finite element mesh (Eulerian) or the mesh 
moves with the material (Lagrangian) could be varied 
arbitrarily. The details are well described in references 
(Belytschko et al. 2000, Ghosh and Kikuchi 1991, Haber 
1984, Hu and Randolph 1998, Liu et al. 1986).  
Arbitrary Lagrangian-Eulerian (ALE) approach 
incorporated in Abaqus/Explicit is referred to ALE 
adaptive meshing or simply Adaptive Meshing (AM).  
This technique is utilized as a tool that makes it possible 
to maintain a high-quality mesh throughout an analysis, 
even when large deformation or loss of material occurs, 
by allowing the mesh to move independently of the 
material (Dassault Systèms 2012). Through an analysis 
step, nodes of finite mesh specified as adaptive mesh 
domain before calculation continuously moves and 
adjusts reasonable mesh shapes to circumvent distortion 
errors caused by the large deformation. The number of 
elements and connectivity of each element are remained 
the same. In adaptive mesh domains, element and 
material state variables are transferred from the old mesh 
to the new mesh by the second-order advection method 
based on the work of Van Leer (Leer 1977). Therefore, 
the element density and the internal energy ensure a 
conservation of mass and energy for an adaptive mesh 
domain. Fig. 3 illustrates a simple example where 
adaptive meshing limits mesh distortion in an 
indentation simulation (Dassault Systèms 2012). 
 
(a) Without AM (b) With AM 
 
Fig. 3 A simple example of ALE Adaptive Meshing 
usage in numerical analysis 
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Geometry and Mesh 
The prototype of the ESA evaluated in this paper is 
based on the previous study in which the analytical 
approach and centrifuge model tests had performed to 
evaluate the horizontal capacity of embedded suction 
anchor (Bang et al. 2007). 
In the previous study, the model ESA had a diameter 
of 3 centimeters, length of 5 centimeters, and thickness 
of 1.5 millimeters with three wings attached along the 
circumference at 120 degrees apart. And the centrifugal 
acceleration was 50 g. Therefore, the ESA with a 
diameter of 1.5 meters and length of 2.5 meters in 
prototype dimensions are modeled in the present study.  
The ESA and soil is modeled with 3D elements using 
reduced integration (C3D8R), and the soil is specified as 
adaptive mesh domain. Using the symmetry condition, 
half of the whole model is considered in three-
dimensional analysis. The distance between the ESA and 
boundary surfaces, B = 10.0 m, H = 10.0 m, and W = 7.5 
m are applied in the subsequent analyses to minimize the 
boundary effect. The loading capacity of the ESA started 
to converge when the above boundary conditions were 
applied.  
The installation process of the anchor is not 
simulated, and the initial state is considered as the ESA 
is embedded in the soil with a depth of 6.0m from the 
seabed. Fig. 4 shows the geometry of the ESA, whereas 
Fig. 5 exhibits a typical mesh used in the present study. 
Fig. 4 Geometry and dimensions of the ESA 
 
Fig. 5 Definition of boundary extensions and a typical 
mesh for the ESA 
 
As can be seen in Fig. 5, one flange aligned at the 
same direction with the loading path is not considered in 
the numerical simulation for efficiency of computation; 
the preliminary analysis showed that the influence of the 
flange excluded in the main analysis was negligible in 
evaluation of pullout behavior of the ESA. 
 
Constitutive models and material properties 
The soil is considered as the uniform and normally 
consolidated clay and simulated as a linear elastic- 
perfectly plastic model with Tresca yield criterion. 
Poisson’s ratio, ν = 0.49, and friction angle, ϕ = 0º, are 
adopted to simulate undrained soil condition. The 
uniform shear strength of the clay (su) is assumed to be 
12 kPa, and the soil stiffness ratio is homogeneous with 
E/su = 500, where E is Young’s modulus. The geostatic 
stress condition is established with the effective weight 
of soil, γ' = 4.5 kN/m3, with K0 of unity. Considering the 
fact that the anchor is fully submerged in offshore 
condition, effective weight rather than total weight is 
applied to simulate the constant volume response (Hung 
and Kim 2012, Song et al. 2008, Wang et al. 2009). The 
ESA with Young’s Modulus of 210 GPa is considered as 
rigid, and the interface between the anchor and clay is 
assumed to be fully attached.  
The pullout load is applied using displacement-
controlled method with velocity of 0.2 m/s to shorten the 
computational time and minimize the dynamic effect. 
The pullout capacity of the ESA is determined when the 
displacement of the ESA is 0.3 m, 0.2D (Song et al. 
2008). Where, D is the diameter of the ESA, 1.5m. 
 
ANALYSIS RESULTS 
The numerical analysis results using ALE Adaptive 
Meshing (AM) technique are validated by comparative 
study of horizontal pullout capacity with the centrifuge 
tests results and analytical calculations (Bang et al. 
2007). After the validation study, the influence of initial 
rotation angle (α) on the pullout capacity of the ESA and 
the effect of initial loading inclination angle (β) at the 
bottom point of the anchor body for effective rotation are 
analyzed.  
 
Validation 
A series of centrifuge tests and analytical studies 
were conducted to analyze the horizontal pullout 
capacity of the ESA in clay condition (Bang et al. 2007). 
To validate the numerical analysis results with the 
previous study, normalized concept approach is used for 
a qualitative study (Lee et al. 2011). In the present study, 
the horizontal pullout capacity at mid-point of the ESA 
is used as a reference value to normalize the results. The 
loading points are described as ratios which are the 
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relative distances from the top to loading points divided 
by the height of the ESA; the ratio of top and bottom 
loading points are 0.0 and 1.0, respectively. 
The calculated horizontal pullout capacities of the 
ESA are compared with the results of centrifuge tests 
and analytical calculations in Fig. 6. When the loading 
point is located at the mid-point of the ESA, the pullout 
capacity reaches its peak, and gradually decreases as the 
loading point moves toward the top or bottom point of 
the ESA. This indicates that numerical analysis results 
using ALE Adaptive Meshing technique incorporated in 
Abaqus/Explicit shows good agreement with analytical 
calculations and centrifuge test results in respect to the 
tendency of horizontal pullout capacity at different 
loading points. 
 
Fig. 6 Comparison of normalized horizontal pullout 
capacity of the ESA with the analytical calculations and 
centrifuge test results (Bang et al. 2007) 
 
Parametric study 
 
Influence of the initial rotation angle (α) on the pullout 
capacity of the ESA 
Regarding the fact that most mooring-anchor system 
always involves keying process, many researches have 
conducted various types of physical experiments or 
numerical approaches to reveal the effect of keying. And 
the majority of researches are focused on the behavior of 
plate anchors or Suction Embedded Plate Anchors 
(Gaudin et al 2009, Wang et al 2013, Wang et al 2010, 
Yang et al 2011, Yu et al 2009).  
In this paper, the initial rotation of the modified ESA 
is considered as keying process. Therefore, the pullout 
capacity of the ESA with the different initial rotation 
angles (α) is investigated. As can be seen in Fig. 7, the 
pullout load is applied with perpendicular direction to 
the anchor body, and the initial rotation angle (α) is 
varied from 0 to 30 degrees.  
 
Fig. 7 Definition of the rotation angle (α) and the load 
inclination angle (β) used in the parametric study of this 
paper 
 
Fig. 8 shows the effect of initial inclination angle to 
the pullout capacity results. The calculated pullout 
capacities are normalized using the maximum horizontal 
pullout capacity computed in the validation section. It 
can be seen that the initial rotation process affects little 
to the pullout capacity. It provides slight increase in 
pullout capacity in the range of about 1%. In other words, 
when the ESA is rotated and pulled out with 
perpendicular direction at mid-point of the ESA, the 
calculated pullout capacity gives almost the same results 
with the maximum horizontal pullout capacity.  
 
Fig. 8 Normalized pullout capacity of the modified ESA 
with different initial rotation angle (α) 
 
Influence of the load inclination angle (β) at the 
bottom point of the anchor body on the pullout 
behavior of the ESA 
With the different load inclination angles (β) at the 
bottom point, the pullout behavior of the ESA is 
investigated to effectively rotate the modified ESA 
before the anchor develops its full capacity at mid-point. 
The load inclination angle (β) is varied from 0 to 90 
degrees, and the pullout load and the rotation angle (α) 
are calculated along the simulation proceeds under each 
β. 
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Fig. 9 describes the normalized pullout load using the 
maximum horizontal capacity. The load inclination angle 
(β) of 30 degree requires the minimum pullout load to 
make the rotation angle (α) of 5 degree, and β of 40 
degree requires the minimum pullout load to make α of 
10 and 15 degree. It can be seen that the required pullout 
load for rotation of 5 degree of the modified ESA is 40% 
of the maximum horizontal pullout capacity when the 
load inclination angle is 30 degree. In the case of the 
load inclination angle of 40 degree, the pullout load of 
42 and 43% of the maxim horizontal pullout capacity 
provide the rotation angles of 10 and 15 degree, 
respectively. 
 
Fig. 9 Comparison of normalized pullout load curve with 
different load inclination angle under each rotation angle 
(5, 10, 15 degree) 
 
CONCLUDING REMARKS 
In this paper, numerical simulations using ALE 
Adaptive Meshing (AM) technique incorporated in 
Abaqus/Explicit is performed to investigate the pullout 
behavior of the modified ESA.  
 First, the numerical analysis results using Adaptive 
Meshing technique is validated by comparison with the 
centrifuge test and analytical calculation results. The 
tendency of calculated horizontal pullout capacities 
shows good agreement with the previous study; the 
maximum horizontal capacity is developed when the 
loading point is located at the mid-point of the ESA. 
Second, the initial rotation increases the pullout 
capacity in the range of 1% compared with the 
maximum horizontal pullout capacity. It can be 
identified that the pullout capacity of the ESA under 
initial rotation can develop its maximum value when the 
pullout load is applied with perpendicular direction to 
the anchor body. 
Third, when the pullout load is applied at the bottom 
of the ESA for rotation of the anchor body, it requires 
about 40% of the maximum horizontal pullout capacity 
in the case of the load inclination angle is 30 or 40 
degree.  
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